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In this work, we investigate the local atomic structure of defect-free homogeneous and
self-organized core-shell structure nanowires by means of X-ray Absorption Fine Structure
(XAFS) Spectroscopy at the In LIII and K edges and Multiwavelength Anomalous Diffraction. The
results are interpreted by comparison of the experimental data with X-ray absorption calculations
carried out with ab initio structural models. Extended-XAFS data analysis at In K-edge shows an
anisotropic In distribution in the second nearest neighbors pointing out to a deviation from
randomness in In distribution for the core-shell sample.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4886756]
I. INTRODUCTION
In recent years, much progress has been made in under-
standing the relationships between the optical and structural
properties of InGaN alloys but many important aspects remain
unclear. The current debate focuses on the mechanisms re-
sponsible for the high radiative efficiency of InGaN Quantum
Wells (QWs) in GaN despite the huge number of structural
defects. It is generally assigned to exciton localization, which
prevents carriers from undergoing non-radiative recombina-
tion at the structural defects, in particular, dislocations.
Localization of holes has been demonstrated experimentally
by Chichibu et al.,1 who proposed a hole localization process,
associated with atomic condensates of In-N. Such a mecha-
nism could be associated to a deviation from InGaN alloy ran-
domness and to the hypothetical formation of In-N-In chains
or InN clusters of a few In atoms. To date, only two experi-
mental observations at the atomic scale consistent with a kind
of weak phase separation or In aggregation have been found,
one by Kachkanov et al.,2,3 and the second by Miyanaga
et al.4 The existence of this kind of composition fluctuations
has been discussed recently from a theoretical point of view
by Zunger et al.5,6 The theory predicts that In clustering
occurs when dislocations and/or grain boundaries are present
(incoherent alloy). If these extended defects are absent (coher-
ent alloy), the elastic strain could cause In and Ga ordering.
As a matter of fact, tiny structural variations in the atomic
local environment, the exact nature of which is still to be
established, can produce strong effects on optical properties,
making InGaN materials virtually insensitive to the presence
of extended defects as, for instance, dislocations.
II. SAMPLES
In this work, we have performed detailed studies of
InGaN nanowires (NWs), which permit the investigation of
InGaN regions free of extended defects (i.e., they are model
coherent alloys5,6). As shown recently by Tourbot et al.,7 dif-
ferent morphologies depending on growth conditions can be
obtained: NWs with the spontaneous formation of a core-
shell structure, in which In is concentrated along the axial
direction, and NWs with homogeneous In distribution. In
case of the core-shell structure, the NWs are coherent with
the GaN base NWs, whereas in the case of the homogeneous
NWs, dislocations are only present at the GaN interface
(misfit dislocations), allowing the InGaN region to be dislo-
cation free.7 To investigate the short range atomic structure
of these two systems, we have combined Multiwavelength
Anomalous Diffraction (MAD) and X-ray Absorption Fine
Structure (XAFS) spectroscopy with ab initio calculations.
MAD was used for determining the actual core and shell
In content. XAFS has given the local atomic structure and
ab initio calculations were used to fully interpret the XAFS
results. The samples were grown by Plasma Assisted
Molecular Beam Epitaxy in the CEA-CNRS group
(Grenoble) on a GaN NW base grown on Si(111) substrate.
The growth direction was along the c-axis ([001] direction).
Details about growth and photoluminescence (PL) character-
ization are published elsewhere.7 Two different InGaN NW
samples corresponding to two different morphologies have
been investigated: (a) sample 1, InxGa1–xN NWs with a nomi-
nal In content of 17%. These NWs show a self-organized
core-shell structure (Fig. 1(c)). Their PL spectra as a function
of temperature exhibit a typical S-shape feature characteris-
tic of carriers localization. (b) Sample 2, InxGa1–xN NWs
with a nominal In content of 43%. These NWs show homo-
geneous In distribution and wider PL spectra, compared to
sample 1.
III. MULTIWAVELENGTH ANOMALOUS DIFFRACTION
We report, in Fig. 1, X-ray diffraction Reciprocal Space
Maps (RSMs) which put in evidence the differenta)Hubert.Renevier@grenoble-inp.fr
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morphologies of samples 1 and 2, and allow the determina-
tion of their average lattice parameters and strain state.
RSMs were recorded with an X-ray energy of 10 200 eV,
close to 1011 Bragg reflection of GaN, with a VantecTM lin-
ear detector. The measurements were carried out at beamline
BM2 at ESRF in Grenoble (France). In Figs. 1(a) and 1(b),
the high intensity spots, at H¼L¼ 1, correspond to the
relaxed GaN base of the NWs, as sketched in Fig. 1(c). For
sample 1 (Fig. 1(a)), at L¼ 0.985 we observe scattered inten-
sity that extends to low-H values, which corresponds to the
core and shell regions. This is shown in more detail in
Fig. 1(d) by a H-scan recorded in grazing incidence close to
1120 reflection with a X-ray beam energy equal to 10 600
eV, i.e., an energy above the Ga K-edge (10 367 eV). Here,
the GaN contribution is strongly reduced due to self absorp-
tion in the wire region and one can better distinguish
between the core and shell regions. Figure 1(b) shows a
RSM for sample 2. The spot at H¼ 0.94 and L¼ 0.95 values
corresponds to relaxed InGaN with a homogeneous composi-
tion profile. As can be seen in the RSMs, one can select H
and L values that correspond to the shell and core regions of
sample 1 and to the relaxed homogeneous InGaN NWs of
sample 2.
To determine the actual composition of the different
InGaN regions selected by diffraction, we performed MAD
experiments.9 For that purpose we measured for samples 1
and 2, diffracted intensity spectra as a function of X-ray
beam energy close to the Ga K-edge (10 367 eV). Fig. 2
shows for samples 1 and 2, diffracted intensity spectra cor-
rected for Ga-fluorescence yield, as a function of X-ray
beam energy. The spectra were measured at reciprocal space
coordinates H¼ 0.955, K¼ 0, L¼ 0.982 and H¼ 0.980,
K¼ 0, L¼ 0.983, which correspond to the core and shell
regions of sample 1, respectively, and at H¼ 0.940, K¼ 0,
L¼ 0.950 for sample 2. The cusps of the diffracted intensity
spectra were fitted by calculating the diffraction of a homo-
geneous InxGa1–xN alloy with the wurtzite structure. The fit
procedure is described in detail in previous publications.9,10
The Ga anomalous scattering factor f 00 was obtained from a
fluorescence spectrum measured at reciprocal space coordi-
nates close to those of diffracted intensity spectra. The corre-
spondent f 0 factor was obtained by Kramers-Kronig
transformation of f 00. The fit parameters were a scale factor,
the detector efficiency as a function of the energy, and the In
content x.
The XRD and MAD results on samples 1 and 2 are
reported in Table I. For sample 1, they show that the core
and shell regions have very different In contents, i.e., 33%
and 6%, respectively. The In-enriched core (33% is much
larger than the nominal value of 17%) is compressively
strained along c axis, due to the lattice mismatch with the
Ga-rich shell (6%), which undergoes in turn tensile strain
FIG. 1. (a) X-ray Reciprocal Space Maps close to the 1011GaN reflection
for elastically strained core-shell NWs (sample 1) and (b) relaxed NWs
(sample 2). (c) Sketch of sample 1. (d) H-scan in grazing incidence of sam-
ple 1 with an X-ray beam energy E¼ 10 600 eV and an incidence angle
ai¼ 0.08, close to the 1120GaN reflection. Reciprocal space units (r.s.u.)
refer to relaxed GaN parameters (a¼ 3.185 A˚ and c¼ 5.189 A˚). The fit
curves (solid lines) represent the diffraction contributions of the core, shell,
and GaN NW base to the diffracted intensity.
FIG. 2. Energy scan across the Ga K-edge (10 367 eV) at fixed H¼ 0.955,
K¼ 0, L¼ 0.982 (core) and H¼ 0.980, K¼ 0, L¼ 0.983 (shell) positions in
the reciprocal space for sample 1 and H¼ 0.94, K¼ 0, L¼ 0.95 for sample
2. The spectra are corrected for fluorescence. Both experimental (open sym-
bols) and best fit curves (solid lines) are shown. The best fit In contents are
reported in Table I.
TABLE I. Structural parameters (lattice parameters and In content (xIn)) of
samples 1 and 2 as determined by XRD and MAD experiments. Lattice
parameters of GaN NWs base are reported for comparison. HKL (MAD)
refers to the reciprocal coordinates at which the energy-scan has been
performed for determining the In content. All H, K, and L values are in
reciprocal lattice units (r.s.u).
Sample H a (A˚) L c (A˚) HKL (MAD) xIn (%)
Sample 1 core 0.956 3.33 0.985 5.267 0.955,0,0.982 336 1
Sample 1 shell 0.985 3.23 0.985 5.267 0.980,0,0.983 66 1
Sample 2 0.946 3.37 0.952 5.44 0.940,0,0.950 466 1
GaN NWs base 1 3.18 1 5.189 1,0,1 06 1
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along the same axis. As a result of the presence of strain,
Vegard’s law cannot be used for determining the composi-
tion. Conversely, for sample 2 In content (46%) and lattice
parameters are in agreement with Vegard’s law showing that
the InGaN alloy is relaxed.
IV. X-RAYABSORPTION FINE STRUCTURE
To gain information on the local atomic short range
order (SRO) structure of sample 1 (core) and sample 2, we
measured XAFS spectra at the LIII and K edges of In. A
XAFS spectrum is classically divided into a near-edge region
(X-ray Absorption Near Edge Structure) spanning from the
edge up to about 50 eV above the edge and an Extended
XAFS (EXAFS) region extending from XANES up to about
1000 eV above the edge. In the EXAFS region, Single
Scattering (SS) events, involving only two atoms, dominate
and the analysis of the oscillations can be carried out accord-
ing to a path development formalism, which allows a fitting
procedure, and gives direct information on structural param-
eters as interatomic distances and coordination numbers. The
analysis of the near edge region (XANES) is more compli-
cated since Multiple Scattering (MS) events, involving three
or more atoms, are much more favored and the paths devel-
opment approach is no longer valid. Nevertheless, XANES
is very sensitive due to MS to the local atomic arrangement
and state-of-the art ab initio calculations provide accessible
insight to XANES spectra that can be interpreted by compar-
ison with simulations of different models. XANES spectra in
fluorescence mode at the In LIII edge (3730 eV) of samples 1
and 2 were recorded at XAFS beamline 11.1 of Elettra
Synchrotron in Trieste (Italy). The samples were mounted in
vacuum with the surface normal oriented at 45 with respect
to the incoming beam direction. The fluorescence yield was
recorded in the horizontal plane at 90 with respect to the
X-ray beam direction, with a one element Peltier-cooled
solid state detector.
A. X-ray absorption near edge structure
The XANES spectra are shown in Fig. 3 for samples 1
and 2. One can clearly see that the spectra have different
shapes. In particular, the XANES spectrum of sample 1
shows two features at 3795 eV (A) and 3876 eV (B), which
are smeared out on the spectrum of sample 2. So far, we
must note that for sample 1 the XAFS spectrum is the
weighted average of the shell and core regions yields, with
an In concentration of 6% and 33%, respectively, and a core/
shell volume ratio (1/2.5) which was determined from graz-
ing incidence X-ray diffraction profile (see Fig. 1(d)).
EXAFS spectra of samples 1 and 2 were recorded at the
In K-edge (27 940 eV), at room temperature, in fluorescence
mode by using a CanberraTM 30 elements Ge detector, at
beamline BM30B of ESRF. The fluorescence yield was
detected in the horizontal plane at 90 with respect to the
X-ray beam direction. The spectra were recorded by orient-
ing the sample surface nearly parallel to the incident beam
(incidence angle equal to about 5) and perpendicular to it
(incidence angle equal to about 85). In such a way, the
X-ray photons polarization vector~e was nearly perpendicular
and parallel to the sample surface, respectively. The back-
ground subtracted EXAFS spectra are shown in Fig. 5. The
reason for measuring EXAFS with parallel and perpendicular
polarisation is to exploit the strong anisotropy of the EXAFS
probe at the K-edge.11 Indeed, in the SS approximation, the
EXAFS spectrum can be expressed by12
v kð Þ¼ S20
X
j¼shells
Njfj k;rjð Þ
kr2j
e2k
2r2j sinð2krjþuj kð Þþ2dÞ; (1)
where rj, Nj, and rj are the interatomic distance, the effective
coordination numbers, and the bond-length disorder (static
and dynamic Debye-Waller factors), S20 is the EXAFS ampli-
tude reduction factor due to multielectrons excitation chan-
nels, uj and fj are the phase shift and the backscattering
amplitude of atoms in shell j, d is the phase shift due to the
central atom and k is the photoelectron wavenumber. In
expression (1), Nj is defined as
Nj ¼
X
i
3ð cos2hiÞ; (2)
where hi is the angle between the electric field vector of the
incoming x-ray beam and the direction of the photoelectron
scattering path i in shell j. For polycrystalline samples, the
sum over all the randomly oriented scattering paths gives the
coordination number of the atomic shell of radius rj. In
monocrystalline InGaN samples, which crystallise in the
hexagonal space group P63mc (wurtzite), the In/Ga atoms
belonging to the II coordination shell (Next Nearest
Neighbor, NNN) are 12: 6 in the growth plane (in-plane) and
6 out of growth plane (out-of plane). The contribution of
FIG. 3. Experimental XAFS spectra (open symbols) at In LIII edge (3730 eV
is the reference energy) for self-organized core-shell (sample 1) and relaxed
NWs (sample 2). They are compared to simulated XAFS spectra (solid lines)
that correspond to structural models relaxed by ab initio calculations for dif-
ferent In content. From upper to lower curve: 6% In random distribution
(black curve), 35% In random distribution (blue curve), 45% In random dis-
tribution (green curve). A and B are typical features for low In content (6%
for instance). The red curve is the linear combination of the black and blue
curves taking into account the core/shell volume ratio (1/2.5).
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in-plane (resp. out-of-plane) atoms is 9 (resp. 3) for parallel
polarization and 0 (resp. 12) for perpendicular polarization
of the beam. In this way, simultaneous fitting of spectra
obtained with parallel and perpendicular polarization allows
us to determine the a and c lattice parameters and the In/Ga
ratio, i.e., In concentration, in-plane and out-of-plane, and to
detect the presence of lattice deformations due to strain and
of anisotropies in composition produced by deviations from
random atomic distribution in the alloy.
B. Extended X-ray absorption fine structure
The EXAFS signals were calculated for a cluster of InN
composed by 50 atoms, with a radius of 5.70 A˚. To include
Ga atoms, we calculated the same cluster substituting all the
In atoms, but the central absorber, with Ga. In the fit proce-
dure, the scattering paths of both clusters, involving In(Ga)
as scatterers, were included and weighted by a factor x for In
and (1 x) for Ga. In such a way, x is refined and represents
the In concentration. Theoretical amplitudes and phase shifts
were calculated ab initio by FEFF8 code13 taking into
account the beam polarization vector, ~e, directed along the
[110] and [001] crystallographic directions, corresponding to
the parallel and perpendicular orientations with respect to
the (0001) surface plane. Scattering potentials were calcu-
lated in the muffin-tin approximation in a self-consistent
way, with a Hedin-Lundqvist approximation for exchange
and inelastic losses.
The theoretical EXAFS signal is composed by a huge
number of SS and MS paths due to the high number of atoms
belonging to the cluster and to the polarization dependence
of v(k). In the fitting procedure, we took into account a lim-
ited number of them that represent the main contribution to
the EXAFS signal in the real space region (R region)up to
4.5 A˚. We included 5 SS paths: In-N (I shell), In-In(Ga) (II
shell), In-N (III shell), and In-N (IV shell). The contribution
of the IV In-N shell does not depend strongly on polarisation
and its contribution is quite weak and broad, but it sums up
to the II In(Ga) shell contribution. We also included 3 MS
triangular paths (In-N-N, In-N-In, and In-N-Ga). These MS
paths give a weaker contribution than SS paths but they
improve the fit quality and II shell distances determination
(as shown for analogous compounds as GaN or InGaAs12).
The fits parameters were, E0, S
2
0, DW factors for each path,
d(In – N) in I shell, din(In – In), din(In – Ga), dout(In – In),
and dout(In – Ga) in II shell, d(In – N) in III shell, and In con-
centration, xin and xout, where in (resp. out) means in-plane
(resp. out-of-plane). The average value of din(In – In) and
din(In – Ga) in II shell corresponds to the lattice parameter a.
The interatomic distances dout(In – In) and dout(In – Ga) in II
shell are a combination of din(In – In) and din(In – Ga) in II
shell and c, according to hexagonal symmetry
dout ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
3
d2in þ
1
4
c2
r
: (3)
Also, the MS paths lengths and d(In – N) (IV shell) were
defined in the fit as a combination of a and c according to the
hexagonal symmetry. S20 was refined and found to be 0.9.
The I neighbors distance d(In – N) was refined to a common
value for perpendicular and parallel polarisation. A splitting
would be expected due to the tetrahedric bond orientation in
the wurtzite structure for which one of the four N atoms lays
along [001] and the other three are close to a–b plane; never-
theless, it is small, even in the presence of strain (about
0.007 A˚).14 It is lower than the error we have on the best fit
values for the first shell distance (0.01 A˚). The fits were per-
formed simultaneously for the two polarizations to improve
fit statistics.
The background subtracted EXAFS spectra for samples
1 and 2 are shown in Fig. 5, together with the corresponding
best fit curves. Background subtraction in the EXAFS region
was performed by AUTOBK code implemented by the
ATHENA graphical interface.15 EXAFS data analysis was
performed by using the IFEFFIT8 code implemented by
the ARTEMIS interface.15 The best fit results are shown in
Table II.
For sample 1, we find an In concentration in the II coor-
dination shell that is different for the two polarization direc-
tions. It is equal to 21% for the out-of-plane polarisation and
31% for the in-plane polarization. Therefore, the EXAFS av-
erage In concentration is (0.31þ 0.21)/2¼ 0.26 (the number
of NNN is the same for in-plane and out-of-plane directions),
the conditional probability to find an In atom in the NN envi-
ronment of a In atom. This value is very close to the value
calculated with the In concentrations found by MAD know-
ing the core/shell volume ratio and assuming a random distri-
bution. Indium atoms in the core contribute to the XAFS
signal with a weight equal to 0.33/(0.33þ 2.5 0.06)¼ 0.7;
therefore, the XAFS average In concentration in the II shell
would be equal to 0.7 0.33þ 0.3 0.06¼ 0.25. Those
values, 0.26 and 0.25, are much higher than the average In
content found by diffraction (MAD): xMADIn ¼ ð0:33þ 2:5
 0:06Þ=3:5 ¼ 0:14. This is an expected result showing that
In atoms have segregated to form an In rich core. The segre-
gation can be quantified by calculating the Warren-Cowley
SRO parameters,16 defined as aj ¼ 1 PðAÞBj =xB, where
P
ðAÞB
j represents the conditional probability of finding an
atom of type B (Ga) in the jth coordination shell of an atom
of type A (In) and xB is the concentration of atom B. The
TABLE II. Nearest neighbor and next nearest neighbor distances and NNN In contents for the samples studied, in the growth direction (out-of-plane) and in
the growth plane (in-plane), obtained by best fit of EXAFS data by using IFEFFIT8 code.
Sample d(In-N) (A˚) din(In-In) (A˚) din(In-Ga) (A˚) dout(In-In) (A˚) dout(In-Ga) (A˚) c (A˚) xIn,in (%) xIn,out (%)
Sample 1 2.116 0.01 3.316 0.02 3.286 0.02 3.266 0.02 3.256 0.02 5.296 0.02 316 4 216 3
Sample 2 2.136 0.01 3.396 0.02 3.346 0.02 3.356 0.02 3.336 0.02 5.456 0.03 546 8 446 4
GaN bulk 1.95 3.18 (Ga-Ga) … 3.18 (Ga-Ga) … 5.189 …
InN bulk 2.15 3.54 … 3.54 … 5.708 …
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sign of a indicates whether the central atom and atoms in the
j coordination shell tend to be of the same kind (a> 0, clus-
tering) or tend to be of a different kind (a< 0, anticlustering
or ordering). In the present case, a2 ¼ 1 PðInÞGa2 =xMADGa
¼ 0:14 > 0. Note, as we know the In contents in the core
and shell regions from MAD, it is convenient to follow up
by defining the random case as being the random distribution
of 6% (resp. 33%) In in the shell (resp. in the core).
As mentioned above, the In concentration in II shell
for sample 1 is higher in-plane (31%) than in the growth
direction (21%). If the In distribution, both in the core and
shell regions, was completely random, one should find the
same value, i.e., 25%. This indicates that, when consider-
ing the whole sample, the relative deviation from random-
ness is þ24% in-plane and 16% out-of-plane. This
anisotropic behaviour in the distribution of In-In pairs in
the II coordination shell could suggest a tendency to In
clustering in the growth plane and to In short range order-
ing in the growth direction. Unfortunately, as we cannot
disentangle the shell and core contributions by EXAFS we
cannot go further in detail concerning SRO in the core and
shell separately.
Regarding sample 2, first, we find that the out-of-plane
In concentration in II shell (44%) is equal, within the experi-
mental errors, to the average value found by MAD (46%),
showing that the out-of plane In distribution is random.
Second, the in-plane In concentration is higher (54%) than
the MAD value of 46% corresponding to a relative deviation
from randomness of þ17%. This last result could suggest a
similar behaviour as in sample 1 for the in-plane In distribu-
tion, but the effect is weaker and, in addition, the result about
coordination numbers must be taken with caution because
the EXAFS spectrum of sample 2 is affected by a low S/N
ratio leading to large experimental errors. So in this case we
cannot state that a clear anisotropy is observed for sample 2,
as confirmed by the ab initio simulation results reported in
Sec. V.
We want to stress here on the combination of MAD and
EXAFS data. MAD cannot give information about anisot-
ropy at local scale, this is provided by EXAFS. On the other
side, for a correct interpretation of the EXAFS results of
Table II one needs to know the average In concentration
determined in an independent way.
Regarding interatomic distances, for sample 1, the d(In-
N) value is close to the value for bulk InN, as expected for
III–V semiconductors, in which bond distances do not follow
the Vegard’s law and stay close to the values of the corre-
spondent binary compounds.17 The In-Ga(In) distances cor-
responding to the NNN atoms are quite close to each other
and close to the values foreseen by the Vegard’s law for
alloys, as observed by other authors for InGaN.2–4 In addi-
tion, they are smaller in the growth direction (out-of-plane)
than in the growth plane (in-plane). They are also smaller
than the values corresponding to the relaxed alloy. This is in
agreement with the presence of c-matching with the Ga
enriched shell region, as shown by RSM. Regarding sample
2, the values found for a and c are quite close to the value
foreseen by the Vegard’s law, in agreement with the relaxed
nature of this sample as observed by RMS.
V. AB INITIO CALCULATIONS
XAFS data have been interpreted by simulation of LIII
and K edges for a random In distribution in the core and shell
regions. The input parameters of the structural models were
the lattice parameters and compositions measured by diffrac-
tion (Table I). For sample 1, we generated two structural
models to represent the core and the shell. As sample 2 is ho-
mogeneous, we generated only one model.
Initially, the atoms were located in the crystallographic
sites of a perfect wurtzite structure, with a random distribu-
tion of In/Ga atoms. We used a 4 4 4 supercell (256
atoms). Then, we performed an ab initio energy minimiza-
tion, at constant volume, to relax the atomic positions. The
calculations were carried out using the Vienna ab initio
Simulation Package (VASP).18,19 They were performed in
the generalized gradient approximation (GGA) using the
PW91 functional of Perdew and Wang, with a 2 2 2 k-
point sampling and an energy cutoff of 350 eV.
Figure 4 shows the results of the structure relaxation
for a random distribution with 33% (core, sample 1) and
46% In contents (sample 2). Then, with the structural
model we performed ab initio calculations of the XANES
spectra at Indium LIII edge by using the FDMNES code
20
in the muffin-tin potential approximation. Calculations
were performed at each In site of the 4 4 4 InGaN
supercell taking a 5 A˚ radius sphere that includes up to
seven coordination shells. The spectra, corresponding to
each In atom in the 4 4 4 supercell, were averaged out
to get the overall XANES spectrum. Thermal disorder was
taken into account by convolution with a gaussian corre-
sponding to Debye Waller factors equal to 0.025 A˚2. The
results are shown in Fig. 3. With the same models we also
calculated the EXAFS spectrum by using theoretical
amplitudes and phase shifts generated by the FEFF8 code,
in the paths development approximation. EXAFS spectra
were calculated for each In absorber in the supercell, con-
sidering the neighbors atoms belonging to a 5 A˚ radius
sphere, and averaging out all the contributions. The results
are shown in Fig. 5.
FIG. 4. Pair distribution function after ab initio relaxation of the atomic
positions in a 4 4 4 InGaN supercell with 33% In (black curve) and 46%
In content (red curve). In atoms are randomly distributed in both cases.
Inset: Structural model shown along [110] direction for the 33% In content.
Red, black, and blue balls represent In, Ga, and N atoms, respectively.
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VI. DISCUSSION
The results of XAFS calculations for random models are
shown in Figs. 3 (XANES) and 5 (EXAFS) and compared to
the experimental spectra of samples 1 and 2. Regarding
XANES results (Fig. 3), one can see on the experimental
spectra that features (A) and (B) are a signature of a low In
concentration in the Ga/In II shell around the In absorber.
They are quite pronounced for sample 1 and completely
smeared out for sample 2. Indeed, simulation curves
obtained with In/Ga random distribution model demonstrate
that this is mainly due to the different average composition
of the two samples. In Fig. 3, simulated XAFS spectra (solid
lines) correspond to different In contents. From upper to
lower curve: 6% In random distribution (black curve), 35%
In random distribution (blue curve), and 45% In random dis-
tribution (green curve). The red curve is the linear combina-
tion of the black and blue curves taking into account the
core/shell volume ratio (1/2.5, i.e., a 70% contribution of the
core). The experimental XAFS spectrum of sample 1 is well
reproduced by the linear combination. It has to be noted that
the sensitivity of XAFS at the LIII-edge to anisotropic atomic
distribution is much weaker than in the case of K-edge due
to the different amplitude polarisation factor dependence of
the absorption process. Moreover, in our measurements the
beam polarisation vector was oriented at 45 with respect to
the sample surface, i.e., close to the magic angle of 54.7 for
which XANES is equally sensitive to in-plane and out-of-
plane atoms in II shell (NNN).11 Polarized EXAFS spectra
measured at the In K-edge and the best fit curves (solid green
line) are shown in Fig. 5 for samples 1 and 2. Fig. 5 also
shows simulated polarized EXAFS spectra (solid lines) cor-
responding to random In distributions. The experimental
[001]-polarised EXAFS spectrum of sample 1 is qualitatively
well reproduced by the linear combination of EXAFS spectra
corresponding to 6% and 33% In random distribution and
taking into account the core/shell volume ratio. Instead, in
the case of the in-plane-polarised XAFS the spectrum shape
is not very well reproduced by the same linear combination,
especially in the range from 3 A˚1 to 4 A˚1 where the simu-
lation shows a different shape compared with experiment
that corresponds to an In content lower than the experimental
one. These results are in very good agreement with the polar-
ised XAFS best fit results which give 31% in-plane and 21%
out-of-plane with respect to 25% (random case). More
details about the Short Range Order in the core and the shell
should require additional experiments out of the scope of the
present paper. In particular, one needs to know the condi-
tional probability to find a In atoms in the II shell of an In
atom either in the core or shell regions, to be compared to
the actual average In contents given by MAD (i.e., 33% and
6% for the core and the shell, respectively). This could be
obtained from the Extended Diffraction Anomalous Fine
Structure9,10 oscillations to be measured at the core and shell
positions in the reciprocal space and at the In- and Ga
K-edges. Regarding sample 2, in which the mismatch strain
is fully relaxed, the experimental XAFS spectra (XANES,
EXAFS) are well reproduced by the random distribution
model (Figs. 3 and 5, solid green line and solid blue lines,
respectively).
VII. CONCLUSION
Our results show that XAFS and MAD data can be inter-
preted in a coherent way providing evidence of an aniso-
tropic In distribution in InGaN core/shell nanowires. That is,
there exists more In-In pairs in-plane than out-of-plane with
respect to the random distribution. We also observe that this
takes place in sample 1, which has a strained In enriched
core and barely not in sample 2, which is homogeneous and
relaxed. Therefore, the driving force for the anisotropic dis-
tribution could be the presence of mismatch strain along the
c-axis due to the formation of the Ga enriched shell region.
The c-mismatch strain is in turn due to the peculiar growth
mechanism of the core-shell nanowires during which the In
enriched core and the Ga enriched shell are spontaneously
formed and grow simultaneously.7 Our findings are in agree-
ment with the results of Ref. 4 in which the authors found an
anisotropic In distribution in the In second shell coordina-
tion. In that case, the number of In-In pairs was higher than
what expected for a random In distribution, for the out-of-
plane polarisation direction. Interestingly, the samples of
FIG. 5. Experimental EXAFS spectra (open symbols) with in-plane and out-
of-plane ([001]) X-ray beam polarizations, at In K edge, for self-organized
core-shell nanowires (sample 1, upper panel) and homogeneous nanowires
(sample 2, lower panel). They are compared to best fit curves (green solid
lines) and to simulated EXAFS spectra (solid lines shifted downwards). The
latter correspond, for sample 1, to structural models relaxed by ab initio cal-
culations for different In content, from upper to lower curve: 6% In random
distribution (black curve), 33% In random distribution (blue curve). The red
curve is the linear combination of the black and blue curves taking into
account the core/shell volume ratio (1/2.5). For sample 2, simulated EXAFS
spectra correspond to In random distribution (blue curve).
013517-6 Leclere et al. J. Appl. Phys. 116, 013517 (2014)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
161.111.180.191 On: Wed, 15 Jul 2015 09:35:04
Ref. 4 were planar epilayers of InGaN/GaN with in-plane
compressive strain and out-of-plane tensile strain. In our
case, we find an anisotropy of opposite sign but also, the
strain is opposite compared with Ref. 4. Indeed, the In-rich
core is compressed in the growth direction by the Ga-rich
shell. It would point to a tendency of In to condensate in the
direction of tensile strain. Also in our case, the sample show-
ing this feature of In condensation shows a higher PL effi-
ciency, as for the anisotropic sample of Ref. 4. Although the
true nature of localisation in InGaN is still under debate, it is
worth pointing out that our results are in agreement with the
existence of In-N-In atomic condensates, which have been
hypothesized to explain the defect-insensitive emission prob-
ability of InGaN materials.1 In conclusion, our results estab-
lish in the specific case of NWs that enhanced formation of
such condensates is correlated to strain as already suggested
in the case of InGaN quantum wells. Along with this view
the increase of the number of In-In pairs, with respect to the
random distribution, in the growth plane of core-shell NWs
(sample 1), could be a candidate accounting for carriers
localization4 and the difference of photoluminescence of
samples 1 and 2.7
In summary, in the present study we have employed a
powerful approach combining XAFS, X-ray RSM, MAD,
and ab initio calculations that allowed us to unveal alloy
ordering at local atomic scale. This method has general va-
lidity and can be applied to other alloys and their 1D and 2D
heterostructures.
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